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stress and thusmust rely on the increased
activity of the ubiquitin/proteasome path-
way to maintain their proliferative state.
This hypothesis provides an elegant ratio-
nale for extending the use of proteasome
inhibitors (such as Velcade) to treating
many types of cancers with aneuploid
cells; currently, these inhibitors are clini-
cally approved for treating only the over-
production of immunoglobulin synthesis
in multiple myeloma. In this regard, the
next step is to determine the extent to
which tumor cells with chromosomal
instability experience proteotoxic stress
and then to test whether increasing thisstress with proteasome inhibitors controls
their growth.REFERENCES
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The coordinated growth of epidermal cells in plant leaves creates the characteristic jigsaw puzzle
appearance of the pavement cells. Now, Xu et al. (2010) report that AUXIN-BINDING PROTEIN 1
mediates auxin activation of twoGTPase pathways that antagonistically control planarmorphogen-
esis of leaf epidermal cells to create this distinctive pattern.Multicellular organisms rely on cell mor-
phogenesis within tissue layers to shape
organs during development. One striking
example is the growth of pavement cells
in the epidermis of plant leaves. As the
leaves expand, alternations in lobes and
indentations between cells give the layer
of pavement cells a characteristic jigsaw
puzzle appearance (Figure 1, left) (Yang,
2008). Although in animals cell morpho-
genesis within the plane of a tissue layer
relies on signaling through the planar
cell polarity pathway (named after the
receptor mutant ‘‘frizzled’’), plants have
different strategies for signaling planar
morphogenesis (Fischer et al., 2006). The
plant hormone auxin is known to coordi-
nate cell morphogenesis within the plane
of a tissue layer, and an array of specificRho-of-plant (ROP) small GTPases dir-
ectly reorganizes the cytoskeleton during
cell morphogenesis (Yang, 2008). How-
ever, it is unknown how auxin is perceived
and how its signal is transduced to
responding ROP-GTPases to direct cyto-
skeletal rearrangements. Two auxin
receptor systems could be involved: the
TIR1/AFB family of receptors, which
directly modulate gene expression in
response to auxin (Mockaitis and Estelle,
2008), or AUXIN-BINDING PROTEIN 1
(ABP1), which is located in the secretory
pathway and is secreted in some plant
species (Tromas et al., 2010). Disrupting
theABP1 gene causes early death of plant
embryos,making it difficult to characterize
the roles of ABP1 in plant development
(Tromas et al., 2010). Thus, the ABP1signaling pathway is still quite enigmatic.
Now, in this issue of Cell, Xu et al. (2010)
report that ABP1 senses auxin and
then rapidly activates two antagonizing
ROP-GTPase pathways in the cytoplasm,
which orchestrate planar morphogenesis
of pavement cells.
Xu et al. first demonstrate that auxin
modulates the shape of pavement cells
in the model plant Arabidopsis thaliana;
the external application of auxin increases
the lobing of the pavement cells, whereas
mutating four genes required for the
synthesis of auxin reduces interdigitated
growth (i.e., the lobes decrease in num-
ber). In a previous study, interfering with
the expression of two ROP-GTPases,
ROP2 and ROP4, decreased the lobing
of the pavement cells (Fu et al., 2005).43, October 1, 2010 ª2010 Elsevier Inc. 29
Figure 1. Interdigitated Growth of Plant Pavement Cells
In the model plant Arabidopsis thaliana, epidermal cells within the plane of the leaf, called pavement cells, contain alternating lobes and indentations. The auxin
efflux carrier PIN1, which localizes polarly in the plasma membranes of lobes, is proposed to facilitate auxin accumulation in the cell wall between lobes and
indentations. This auxin is believed to activate two Rho-of-plant (ROP) small GTPases that antagonistically control morphogenesis of the two pavement cells
(Xu et al., 2010). At the lobe of one cell, AUXIN-BINDING PROTEIN 1 (ABP1) senses the auxin and switches on ROP2, which then promotes assembly of cortical
F-actin microfilaments through the ROP2 effector RIC4. In the adjacent cell, auxin signaling through ABP1 activates ROP6, which then triggers the association of
the effector RIC1 with cortical microtubules. This results in the formation of well-ordered bundles of microtubules that restrict expansion of the cell and generate
an indentation. The two pathways antagonize each other; ROP2 suppresses RIC1 activity, whereas well-ordered microtubules repress the interaction of ROP2
and RIC4.Now, Xu et al. find that application of
auxin does not rescue this phenotype,
indicating that ROP2 and ROP4 probably
act downstream of auxin. Indeed, the
authors then show that auxin rapidly acti-
vates ROP2 in leaf protoplasts (i.e., plant
cells without their cell walls). Conversely,
partially disrupting the function of ABP1
abolishes both cell morphogenesis in
response to auxin and rapid activation of
ROP2 in protoplasts.
These new findings by Xu et al. indicate
that auxin sensing by ABP1 is upstream of
the ROP-GTPases during cell morpho-
genesis of pavement cells. However, it is
still unknown where in the leaf tissue and
where in the cell ABP1 perceives the auxin
signal. Data from other plant species and
Arabidopsis protoplasts suggest that
a fraction of ABP1 is secreted and associ-
ates with the outer surface of the plasma
membrane (Figure 1, right) (Tromas
et al., 2010). Hence, ABP1 may act as an
auxin receptor at the plasma membrane30 Cell 143, October 1, 2010 ª2010 Elsevierof pavement cells, but direct evidence
for this hypothesis is still lacking.
In plants, the auxin efflux carrier PIN-
FORMED1 (PIN1) generates directional
flow of auxin in cells by polarly localizing
to one end of the cell in the plasma mem-
brane (Kleine-Vehn and Friml, 2008).
Strikingly, Xu and colleagues find that
reducing the function of ABP1 or ROP2/
ROP4 diminishes the localization of PIN1
at the lobes of pavement cells. Therefore,
the authors hypothesize that a positive
feedback loop between PIN1 localization
and ROP2/ROP4 activity ensures auxin
flow through the lobe and auxin accumu-
lation in the cell wall. Interestingly a similar
positive feedback loop was recently pro-
posed to facilitate auxin transport by
auxin-induced transcriptional activation
of the scaffold protein ICR1 (INTERAC-
TOR OF CONSTITUTIVE ACTIVE ROP 1),
which directly interacts with ROP-
GTPases and mediates polar PIN protein
localization in root cells (Hazak et al.,Inc.2010). In further support of such a feed-
back loop, Xu and colleagues find that
the activity of ROP2 is diminished in
pin1 mutant plants, which display re-
duced lobing of pavement cells.
Morphogenesis of pavement cells is not
only about lobing, but it also requires the
coordination of indentations in adjacent
cells (Figure 1, right). ROP6 controls
indentations by organizing the microtu-
bule cytoskeleton at the plasma mem-
brane within indentations (Fu et al.,
2009). Indeed, Xu and colleagues find
that a mutation in ABP1 impairs ROP6
activation in protoplasts and reduces
indentations in Arabidopsis plants,
demonstrating that ABP1 also contributes
to the production of indentations.
Interestingly Xu and colleagues show
that, at saturating concentrations of auxin
in protoplasts, the activation of ROP6
reaches higher levels than that of ROP2,
suggesting that the activation kinetics of
these two ROPs is significantly different.
This led the authors to propose a model
for how auxin coordinates the formation
of an indentation and a lobe in adjacent
pavement cells (Figure 1, inset). In this
working model, PIN1 exports auxin into
the cell wall of the lobe, where it stimu-
lates ABP1 signaling. At steady-state
concentrations of auxin, ROP2 seques-
ters the ROP6 effector RIC1 in the lobe,
but RIC1 represses the activation of
ROP2 in the adjacent cell by stimulating
the organization of microtubules (Fu
et al., 2005). In this way, two antagonistic
ROP signaling pathways, which both
depend on ABP1, determine actin-medi-
ated lobe formation in one cell and
tubulin-driven indentation in its neighbor
(Figure 1, inset). The proposed positive
feedback loop with auxin-ABP1, ROP2,
and PIN1 could enforce and maintain
this growth asymmetry.
The findings by Xu and colleagues are
certainly exciting because they elegantly
integrate ABP1 function into a conceptual
framework of signaling in planar morpho-
genesis. The authors’ model describes
a possible scenario for steady-statemain-
tenance of interdigitated growth at uni-
form auxin concentrations in pavement
cells. However, it does not yet address
the event that breaks the symmetry
between adjacent cells and whether auxin
is the original polarizing cue. Interestingly,
auxin can orchestrate planar polarization
in the root epidermis, where a concentra-
tion gradient of auxin provides vectorial
information for the polar positioning of
hairs close to one end of the cell (Fischer
et al., 2006). Young leaves, too, display
an asymmetry in auxin distribution
(Yang, 2008), and it will be interesting tosee whether this asymmetry may play
a role in pavement cell morphogenesis.
At first glance, it seems as if auxin acts
differently on planar morphogenesis in
the root versus the shoot. Whereas
a gradient of auxin directs planar polarity
in roots, the coordination of planar
morphogenesis in pavement cells relies
on a self-organizing design in which auxin
triggers differential activity of ROPs.
Nevertheless, it will be interesting todeter-
mine whether the signaling network
uncoveredbyXu et al. will help to decipher
how auxin is sensed during the formation
of planar polarity in other tissues. For
example, a second intriguing study in
this issue of Cell (Robert et al., 2010)
reports a role for ABP1 in the endocytosis
of PIN proteins in the roots ofArabidopsis.
Clathrin-mediated endocytosis is known
to be required for internalization of several
PIN proteins (Kleine-Vehn and Friml,
2008). The new study by Robert and
colleagues suggests that ABP1 is neces-
sary for correctly placing the vesicle coat
protein clathrin at the plasma membrane
of root cells. Furthermore, their findings
support the hypothesis that auxin can
inhibit PIN1 internalization mediated by
ABP1. To what extent this new function
of ABP1 in roots connects to ABP1’s role
in planar morphogenesis of pavement
cells remains an exciting question for
future studies.
Another question that remains unan-
swered is whether ABP1 is the sole auxin
receptor required during pavement cell
morphogenesis or whether it acts in
concert with the TIR1/AFB receptor
system. In addition, the study by Xu and
colleagues now allows for the explorationCell 1of components in the auxin signaling
pathway upstream of ROP. The identifica-
tion of additional factors that interact with
ABP1 may also help to pinpoint the exact
subcellular locations where ABP1 senses
auxin in leaves and possibly other tissues.
Clearly, the findings by Xu and colleagues
show that ABP1-mediated auxin signaling
is a corner piece in the jigsaw puzzle of
planar morphogenesis in plants, and it
will be thrilling to watch the next pieces
fall into place.REFERENCES
Fischer, U., Ikeda, Y., Ljung, K., Serralbo, O.,
Singh, M., Heidstra, R., Palme, K., Scheres, B.,
and Grebe, M. (2006). Curr. Biol. 16, 2143–2149.
Fu, Y., Gu, Y., Zheng, Z., Wasteneys, G., and Yang,
Z. (2005). Cell 120, 687–700.
Fu, Y., Xu, T., Zhu, L.,Wen, M., and Yang, Z. (2009).
Curr. Biol. 19, 1827–1832.
Hazak, O., Bloch, D., Poraty, L., Sternberg, H.,
Zhang, J., Friml, J., and Yalovsky, S. (2010).
PLoS Biol. 8, e1000282.
Kleine-Vehn, J., and Friml, J. (2008). Annu. Rev.
Cell Dev. Biol. 24, 447–473.
Mockaitis, K., and Estelle, M. (2008). Annu. Rev.
Cell Dev. Biol. 24, 55–80.
Robert, S., Kleine-Vehn, J., Barbez, E., Sauer, M.,
Paciorek, T., Baster, P., Vanneste, S., Zhang, J.,
Simon, S., Hayashi, K., et al. (2010). Cell 143, this
issue, 111–121.
Tromas, A., Paponov, I., and Perrot-Rechenmann,
C. (2010). Trends Plant Sci. 15, 436–446.
Xu, T., Wen, M., Nagawa, S., Fu, Y., Chen, J.-G.,
Wu, M.-J., Perrot-Rechenmann, C., Friml, J.,
Jones, A.M., and Yang, Z. (2010). Cell 143, this
issue, 99–110.
Yang, Z. (2008). Annu. Rev. Cell Dev. Biol. 24,
551–575.43, October 1, 2010 ª2010 Elsevier Inc. 31
